Meat intake, particularly red meat, has been positively associated with pancreatic cancer in some epidemiologic studies. Detailed meat-cooking methods and related mutagens formed in meat cooked at high temperatures have not been evaluated prospectively as risk factors for this malignancy. We investigated the association between meat, meat-cooking methods, meat-mutagen intake, and exocrine pancreatic cancer in the NIH-American Association of Retired Persons (NIH-AARP) Diet and Health Study cohort of 537,302 individuals, aged 50 to 71 years, with complete baseline dietary data (1995)(1996) ascertained from a food frequency questionnaire. A meat-cooking module was completed by 332,913 individuals 6 months after baseline. During 5 years of follow-up, 836 incident pancreatic cancer cases (555 men, 281 women) were identified. Four hundred and fifty-nine cases had complete meat module data. We used Cox proportional hazard models to calculate hazard ratios (HR) and 95% confidence intervals (CI). Total, red, and high-temperature cooked meat intake was positively associated with pancreatic cancer among men (fifth versus first quintile: HR, 1.41, 95% CI, 1.08-1.83, P trend = 0.001; HR, 1.42, 95% CI, 1.05-1.91, P trend = 0.01; and HR, 1.52, 95% CI, 1.12-2.06, P trend = 0.005, respectively), but not women. Men showed significant 50% increased risks for the highest tertile of grilled/barbecued and broiled meat and significant doubling of risk for the highest quintile of overall meat-mutagenic activity (P trends < 0.01). The fifth quintile of the heterocyclic amine, 2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline intake showed a significant 29% (P trend = 0.006) increased risk in men and women combined. These findings support the hypothesis that meat intake, particularly meat cooked at high temperatures and associated mutagens, may play a role in pancreatic cancer development. (Cancer Epidemiol Biomarkers Prev 2007;16(12):2664 -75) 
Introduction
Pancreatic cancer ranks fourth for cancer mortality for men and women in the United States and has a 5-year survival of <5% (1) . The incidence of pancreatic cancer is higher in men compared with women and in blacks compared with whites (1) . Of the few potentially modifiable risk factors that have been identified, cigarette smoking, history of diabetes mellitus, and obesity (1) seem to be among the most consistent, but the effect of dietary factors is unclear.
The association between meat intake and pancreatic cancer has been examined in both case control and cohort (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) studies with positive (2-7, 9-12, 22-27), inverse (13) (14) (15) 28) , and null (4, 5, 8, 14-21, 29, 32) associations reported for both study designs. The inconsistent results among case-control studies may partly be due to retrospective ascertainment of diet, which, given the rapid fatality of pancreatic cancer, may be fraught with biases, such as recall and proxy, and reverse causation. Furthermore, some of the cohort studies have <100 cases (23, 25) and may have limited power to observe associations. In addition, dietary assessment tools used to ascertain meat consumption have often lacked detailed questions about meat, meatcooking methods, and doneness level, with only two case-control studies examining meat mutagens and pancreatic cancer risk (12, 22) . These methodologic hindrances could lead to misclassification of the mutagenic potential of meat exposure and, hence, inaccurate risk estimates.
Biologically plausible pancreatic carcinogens that can be present in meats include heterocyclic amines (HCA), polycyclic aromatic hydrocarbons (PAH), and N-nitroso compounds (NOC). Formation of HCAs and PAHs depends on meat-cooking methods, temperature, and degree of doneness (33) . Well-done grilled/barbecued and pan-fried meat contain high concentrations of these compounds, whereas stewed and microwaved meats do not (33) . NOCs may be found in preserved, cured, and smoked meat, or endogenous formation may occur from the reaction of nitrosating agents, including nitrite in preserved meat, with amines or amides facilitated by gastrointestinal bacteria (34) . Endogenous NOC formation seems to be dose-dependently related to red meat intake (34) . Dietary fat and iron, both found in meat, may also be relevant to pancreatic carcinogenesis (26, 30, 34) .
We conducted an analysis in a large cohort, the NIHAmerican Association of Retired Persons (NIH-AARP) Diet and Health Study, to investigate the association between meat intake, meat-cooking methods, and doneness, as well as meat-derived HCAs and benzo(a)pyrene [B(a)P], a marker of PAHs, and exocrine pancreatic cancer. In addition, we examined a meat-derived mutagenic activity index (revertants per gram of daily meat intake), a biological measure quantified using the Ames test (35) , that integrates all classes of meat-related mutagens, both those that are known (e.g., HCA) and unknown (33) , as a risk factor for pancreatic cancer. Our meat exposures were based on a unique meat questionnaire and mutagen database (33) . Detailed meat-cooking methods and related meat mutagens have not been evaluated prospectively as risk factors for this malignancy. Given the size of the NIH-AARP cohort, we also have a large number of pancreatic cancer cases, which enabled us to examine sex-specific associations.
Materials and Methods
Study Population. The NIH-AARP Diet and Health Study is a large prospective study of AARP members established in 1995 to 1996. Details of the study's design have been described elsewhere (36) . AARP members (617,119) aged 50 and 71 years, who resided in six U.S. states (California, Florida, Louisiana, New Jersey, North Carolina, and Pennsylvania) and two metropolitan areas (Atlanta, GA, and Detroit, MI) were mailed and returned a self-administered questionnaires eliciting information on demographic characteristics, dietary intake, and numerous health-related behaviors. The questionnaire was satisfactorily completed by 567,169 subjects (36) . The study was approved by the National Cancer Institute Special Studies Institutional Review Board, and consent was implicit for all the participants who returned the questionnaires.
We excluded subjects with duplicate representation (n = 179), who moved out of the eight areas included in our study before returning the baseline questionnaire (n = 321), died before study entry (n = 261), or withdrew (n = 1). We further excluded subjects who had questionnaires completed by proxy respondents (n = 15,760), prevalent cancers as determined by the cancer registry data (n = 8,552) and with extreme energy intake outside the normal distribution of the cohort by sex, defined as more than two interquartile ranges above the 75th or below the 25th percentile on the logarithmic scale (n = 4,793). Our final analytic cohort consisted of 537,302 individuals (316,763 men, 220,539 women).
Dietary Assessment and Meat Variables. At baseline, study subjects completed a self-administered food frequency questionnaire (FFQ) that was a grid-based version of the National Cancer Institute instrument the Diet History Questionnaire and included questions on diet, demographic factors, medical history, and healthrelated behaviors (36) . The questionnaire assessed the usual frequency of consumption and portion size of 124 food items and 21 questions on low-fat, high-fiber foods and food preparation over the previous 12 months (36). Among 1,415 persons who participated in a diet calibration sub-study within the NIH-AARP Study cohort, the de-attenuated correlations between red meat intake from the FFQ and two 24-h dietary recalls (administered an average of 25 days apart) were 0.62 and 0.70 for men and women, respectively (36) .
Six months after the baseline questionnaire was sent, baseline respondents were sent a second FFQ that included a meat-cooking module (36) that 332,913 subjects completed (response rate = 63%). The meatcooking module queried consumption of hamburgers, steak, bacon and chicken, usual cooking method (panfried; grilled or barbecued; oven-broiled; other such as sautéed, baked, or microwaved), and level of doneness on the outside (not browned, lightly browned, wellbrowned, black, or charred) and inside (for red meat: raw; rare to medium-rare or red-deep pink; medium to medium well or light pink; well-done or gray-brown with juice; very well-done or gray-brown dry; and for chicken: just until done or still juicy; well-done or somewhat dry; very well-done or very dry; ref. 33) . A formal validation study for the meat-mutagen data has not been conducted within the NIH-AARP study cohort. The validity of the meat intake, meat-cooking methods, and doneness, as well as meat-derived mutagens, however, was assessed in a U.S. population of 165 healthy subjects who completed an FFQ that included the meat module and three sets of four nonconsecutive day diaries (37) . Correlations were computed for intake between the two methods of dietary assessment (37) . The relative validity of the meat module was similar to that of other nutrients and food quantified in FFQs (38, 39) . For example, the deattenuated correlations were 0.60 and 0.36 for 2-amino-3,4,8-trimethylimidazo [4,5- f]quinoxaline (DiMeIQx) and 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP), respectively (37) .
We calculated meat intake in grams per day from the frequency and portion size information ascertained from the baseline FFQ. The total meat category included all types of beef, poultry, fish, pork, and processed meats. The red meat category included bacon, beef (including that added to complex food mixtures, such as pizza, chili, lasagna, stew), cold cuts, ham, hamburger, regular hotdogs, liver, pork, sausage, and steak. The white meat category included all forms of poultry (chicken, cold cuts, ground, turkey), fish (fresh, frozen, canned), and low-fat hotdogs and sausages, which are usually made from turkey. All types of cold cuts, bacon, ham, hotdogs, and sausages from red and white meats were included in the processed meat variable. Because the baseline questionnaire did not query cooking methods or doneness levels, we created a proxy variable for baseline meats generally cooked at high temperatures (e.g., fried or grilled), which included bacon, hamburger, steak, and sausage (40) (41) (42) .
For meat intake estimated from the meat-cooking module, we calculated grams consumed per day and created meat variables according to cooking method and doneness level (raw/rare/medium and well/very well done). In addition, we used the CHARRED database 7 to estimate daily intake of meat-mutagens, including the HCAs: DiMeIQx, 2-amino-3,8-dimethylimidazo [4,5- f]quinoxaline (MeIQx), and PhIP, B(a)P, and an overall meat-mutagenic activity index (33) . All meats queried on the meat-cooking module (i.e., hamburgers, steak, bacon, and chicken) were used to create these variables. Details about the methods used to create the CHARRED database are described elsewhere (33, (40) (41) (42) . Briefly, the CHARRED database was developed using f120 categories of meat samples prepared by different cooking methods with varying doneness levels and their composites analyzed for HCAs, B(a)P, and overall mutagenic activity (40) (41) (42) . Mutagenic activity in meat was determined by the standard plate incorporation assay with Salmonella typhimurium strain TA98, measured as revertant colonies (i.e., Ames test; ref. 35 ).
Cohort Follow-up and Case Ascertainment. Cancer cases were identified by linking cohort members to state cancer registries and to the U.S. National Death Index between 1995 and 2000 and are estimated to be about 90% complete (43 Table 1 , we show frequency proportions. Follow-up for this analysis was from the date of receipt of the baseline questionnaire through December 2000 or until death and represented up to 5 years of follow-up. Cox proportional hazard models, with age as the underlying time metric, was used to generate hazard ratios (HR) and 95% confidence intervals (95% CI). Entry time was defined as the subjects' age in days at return of the questionnaire, and exit time was defined as the subjects' age in days at cancer diagnosis or censoring. The meat and other dietary variables were energy adjusted using the density method, with energy included in the model, because most dietary variables were correlated with total energy (44) . We created a compound smoking variable to control for confounding based on risk estimates from our data that integrated never, former including time since having quit smoking, and current smoking, as well as smoking dose (never, quit >10 years, quit 5 to 9 years ago; quit 1 to 4 years ago, quit <1 year ago, or current and smoked <20 or >20 cigarettes/day). The meat variables were categorized based on the cohort distribution and sex-specific distribution. Baseline meat and the meat module meat mutagens were categorized into quintiles. Cooking methods were categorized into tertiles due to the small intake range. Trend tests across categorical variables were calculated using a score variable based on the median values of each category. HRs for the baseline meat variables were additionally calculated among the subjects who completed the meat module to assess internal consistency with associations observed for the baseline cohort.
Our multivariable models were developed by individually entering potential confounding variables into the model. We show both a putative risk factor model and parsimonious best-fit model because important putative pancreatic risk factors [i.e., body mass index (BMI), diabetes, race] did not substantially influence our risk estimates. Variables remained in the model if they were associated with both the disease and exposure, changed the risk estimate 10%, or were putative risk factors for pancreatic cancer. Variables investigated and included in the multivariable model 1 were smoking, BMI (kg/m 2 , <18.5, >18.5 and <25, >25 and <30, > 30 and <35, > 35, and missing), education (<11 years, 12 years or completed high school, post-high school or some college, college or postgraduate, and missing), race (Caucasian; Black; Hispanic; Asian, Pacific Islander, or American Indian/ Alaskan Native; and missing), self-reported diabetes (yes, no), total caloric intake (kcal/day), and saturated fat intake (g/1,000 kcal/day). Only smoking history and energy-adjusted saturated fat intake (g/1,000 kcal/day) confounded the association between meat and pancreatic cancer and, based on changing the risk estimate 10% and evaluation of changes in À2 log likelihoods, were included in our most parsimonious model 2. Recreational (never/rarely, 1-3 per month; 1-2, 3-4, and >5 times per week, respectively; missing) or occupational (sedentary; sit/walk a fair amount; stand/walk a lot, no lifting; lift/ carry light loads, climb stairs and hills; heavy labor; missing) physical activity; alcohol consumption (continuous); and energy-adjusted folate, protein, or total fat (continuous) intake were not confounders and, therefore, were not included in the final regression models. In addition, relevant meat groups and cooking methods were controlled simultaneously in our models (white and red; high-temperature and low-temperature cooked; processed and non-processed; rare/medium, well/very well-done, pan-fried; grilled/barbecued; oven-broiled; other such as sautéed, baked, or microwaved).
Interactions by sex and smoking status were evaluated by including cross-product terms in multivariable models for the meat quantile trend score variable with sex or smoking status (never or former smoker having quit >10 years ago and former having quit <10 years ago or current smoker) in full models and stratified analyses. The smoking interaction models were limited to subjects who had complete smoking data (baseline: men, 311,305, n = 547 cases; women, 216,742, n = 277 cases; meat module: men, 180,914, n = 288 cases; women, 131,681, n = 165 cases). The majority of subjects in our population were former smokers having quit >10 years ago, and a minority was current smokers. To provide an adequate number of cases in strata to evaluate smoking interactions by sex, for the recent smoker strata, we combined recent quitters (<10 years) with current smokers, and for the nonsmoker strata, we combined groups of never and former smoker having quit >10 years ago. Former smoking having quit >10 years was not significantly associated with pancreatic cancer in our cohort. All statistical analysis was done using Statistical Analysis Systems (SAS, Inc.) software, and the P values for statistical tests were two tailed.
Results
For both men and women (Table 1) , BMI; energy and total and saturated fat intake; and the proportion of subjects who quit smoking during the past 10 years, currently smoking, were non-Hispanic white ethnicity, or had a history of diabetes mellitus were directly related to greater red meat intake. In contrast, age; alcohol consumption; and the proportion of subjects who were never smokers, former smokers, and quit >10 years ago, being a college graduate or having postgraduate education, being African American, or with heavy physical activity >5 times per week were inversely associated with red meat intake.
We discuss the results from the most parsimonious multivariable models because they did not differ substantially from the models that adjusted for all putative pancreatic cancer risk factors (Table 2 ). High total meat intake was associated with a 26% (95% CI, 1.02-1.56; P trend = 0.004) increased pancreatic cancer risk for men and women combined in adjusted models. Compared with the lowest quintile, the highest quintiles of total, red, and high-temperature cooked meats showed significant 41%, 42%, and 52% increased pancreatic cancer risk in men, respectively, with trends across quintiles (P trends < 0.01), but not in women. The interactions for red and high-temperature cooked meat by sex were significant (P interaction = 0.01 and 0.03, respectively); therefore, we show sex-stratified results. No significant associations were observed for white or processed meat; however, among women, higher white meat intake tended to be associated with greater risk (fifth compared with first quintile, HR, 1.41; 95% CI, 0.97-2.05; P trend = 0.15). Individual meat sources were not significantly associated with pancreatic cancer. In sex-stratified analyses, men with the highest compared with those with the lowest intake of meat that was grilled/barbecued and oven broiled had significant 48% and 47% increased pancreatic cancer risk, respectively (Table 3 ). The interaction for grilled/barbecued cooked meat by sex was significant (P interaction = 0.01). No associations were observed for pan-fried or sautéed, baked, or microwaved meat among men or any of the meat-cooking methods among the women. Meat with known doneness levels were not significantly associated with pancreatic cancer except among men, where high intake of well/very well done meat showed a borderline significant 37% increased risk. The subset of subjects who completed the meat module showed similar patterns of pancreatic cancer risk for total, red, white, processed, and high-temperature cooked meat and sex interactions as that observed in the baseline cohort.
Among men, meat-mutagenic activity intake was significantly associated with pancreatic cancer, with the second to fifth quintiles having 1.8-to 2.3-fold risks compared with the lowest quintile (Table 4) and with a trend across quintiles (P trend = 0.001). DiMeIQx in both sexes and PhIP among men showed patterns of association for pancreatic cancer risk such that elevated risk is only observed in the highest compared with the lowest quintile. The highest DiMeIQx quintile showed positive associations for both sexes and a significant 29% increased pancreatic cancer risk with a trend (P trend = 0.006) among men and women combined. Compared with the lowest, the highest PhIP quintile showed a nonsignificant 38% increased pancreatic cancer risk among men. Significant associations were not observed for MeIQx or B(a)P in either men or women nor PhIP or mutagenic activity among women.
The other meat variable pancreatic cancer associations (total, white, and processed meats; cooking methods; or meat-derived mutagens) were not significantly modified by sex. There were no significant interactions of any of the meat variables and pancreatic cancer by smoking status (P interaction >0.20), except men who were never or former smokers having quit >10 years, which showed a stronger significant positive PhIP association (fifth quintile, HR, 1.65; 95% CI, 1.07-2.52; P trend = 0.001; P interaction = 0.12, data not shown).
Discussion
In this large prospective cohort of AARP members, high total and red meat intake were significantly associated with increased pancreatic cancer risk among men, but not women. In particular, men showed increased risks with greater intake of high-temperature, grilled/barbecued, and broiled meat, as well as meat-derived overall mutagenic activity and PhIP. High intake of meatderived DiMeIQx showed a modest increased risk with a significant trend across quintiles in men and women combined. The associations that we observe are independent of saturated fat intake, smoking, and other potential confounders.
Of the 10 cohort studies that have examined consumption of various meats in association with exocrine pancreatic cancer (23-32), five showed significant or borderline significant positive associations for total or red (beef, pork, or lamb) meat, with risks ranging from 1.4 to 3.0 (24) (25) (26) (27) . Some previous studies were limited by small case numbers (23, 25) , lack of detailed meat intake data (23-25, 28, 29) , or too narrow a range in meat intake (30) to observe associations. The red meat and pancreatic cancer association observed among the NIH-AARP Diet and Health Study men is similar to the results of two recent cohort studies (26, 27 ). An analysis in Swedish women (n = 172 cases) showed that high red meat intake, measured by the average intake at two time points NOTE: Baseline cohort: n = 836 cases, n = 537,302 cohort subjects; 555 male cases, 316,763 male cohort subjects; 281 female cases; 220,539 female cohort subjects. *P trend calculated using median values for each quantile. cCox proportional hazard models used to calculate hazard ratios. All models should be considered adjusted for age because age is the time metric. All meats are adjusted for energy by the density method (g/1,000 kcal) with energy additionally in the model and relevant meat groups adjusted simultaneously for each other (i.e., white and red; processed and nonprocessed, high-temperature and low-temperature cooked). bModels additionally adjusted for smoking (never, quit z10 y, quit 5 to 9 y ago; quit 1 to 4 y ago, quit <1 y ago or current and smoked V20 or >20 cigarettes/day; and missing), BMI (kg/m 2 , <18.5, z18.5 and <25, z25 and <30, z30 and <35, z35, and missing), education (V11 y, 12 y, or completed high school, post-high school or some college, college or postgraduate, and missing), race (Caucasian; Black; Hispanic; Asian, Pacific Islander or American Indian/Alaskan Native; and missing), self-reported diabetes (yes, no), and energy-adjusted saturated fat (continuous). x Most parsimonious model adjusted for smoking (never, quit z10 y, quit 5 to 9 y ago; quit 1 to 4 y ago, quit <1 y ago or current and smoked V20 or >20 cigarettes/day; and missing), and energy-adjusted saturated fat (continuous). k Sex combined models additionally adjusted for sex. P value for interaction by sex: total meat = 0.08, red meat = 0.009, white meat = 0.89, processed meat = 0.21, and high-temperature cooked meat = 0.03. (1987-1990 and 1997) , was associated with a borderline significant 1.7-fold pancreatic cancer risk compared with those with low intake, and subjects reporting high red meat intake at both times, a significant 2.6-fold pancreatic cancer risk (27) . The Multiethnic Cohort Study, which has a substantial number of pancreatic cancer cases (n = 482), reported significant 45% and 68% increased risks in the highest compared with the lowest intake of red and processed meat, respectively (26) .
Meat-cooking methods and pancreatic cancer risk has been evaluated in one cohort study that reported no associations (30) and eight case-control studies (2, 3, 8, 9, 12, 13, 19, 22) , five of which showed greater pancreatic cancer risk for fried or grilled/barbecued meats, with odds ratios ranging from 2.2 to 16.7 (3, 8, 9, 12, 22) . Two recent pancreatic cancer case-control studies have employed a meat-cooking module and mutagen database similar to that used in our study. The first was a population-based case-control study (193 cases) that showed a significant 2-fold pancreatic cancer risk with higher consumption of grilled/barbecued red meat; however, other meat preparation methods did not have significant associations (12) . This previous study also reported that the highest quintiles of meat-derived PhIP, DiMeIQx, B(a)P, and mutagenic activity intake were significantly associated with risks ranging from 1.8 to 2.4 (45) . These associations, except that for B(a)P, are consistent with the associations that we observed for grilled/barbecued meat and meat-derived mutagenic activity and PhIP in men and for DiMeIQx in both sexes. The second study, a large hospital-based case control (n = 626 cases), similar to our study, showed an overall significant 52% increased pancreatic cancer risk for the highest compared with the lowest DiMeiQx intake quintile (P trend = 0.02); however, when 60th percentile mutagen intake based on the distribution of the controls was used as the cut-point for comparison, all meat mutagens except PhIP show significant elevated risks ranging from 1.4 to 1.5 (22) . These studies show patterns of risk between the meat-related mutagens and pancreatic cancer, similar to the associations that we observe in the NIH-AARP Diet and Health Study for DiMeiQx in both sexes and PhIP among men, such that positive risk is only observed in the highest quintile of intake (22, 45) . Most populations consume cooking-related meat mutagens at very low concentrations with skewed distributions such that few have high intake at which genotoxic and carcinogenic effects may occur and subsequent risk is observed. Biological thresholds are often observed with food-related genotoxic carcinogens (46) , such that no adverse effect is observed unless an upper limit of exposure is exceeded (47 NOTE: Cohort that completed the meat-cooking module: n = 459 cases, n = 317,371 cohort subjects; 291 male cases, 183,650 male cohort subjects; 168 female cases; 133,721 female cohort subjects. *P trend calculated using median values for each quantile. cMeat-cooking method. bCox proportional hazard models used to calculate hazard ratios. All models should be considered adjusted for age because age is the time metric. All nutrients are adjusted for energy by the density method with energy additionally in the model and relevant meat groups adjusted simultaneously for each other (i.e., rare/medium and well-done/very well-done, pan-fried, grilled/barbecued, oven broiled, and sautéed, baked, or microwaved).
x Models additionally adjusted for smoking (never, quit z10 y, quit 5 to 9 y ago; quit 1 to 4 y ago, quit <1 y ago or current and smoked V20 or >20 cigarettes/ day; and missing), BMI (kg/m 2 , <18.5, z18.5 and <25, z25 and <30, z30 and <35, z35, and missing), education (V11 y, 12 y, or completed high school, post-high school or some college, college or postgraduate, and missing), race (Caucasian; Black; Hispanic; Asian, Pacific Islander, or American Indian/ Alaskan Native; and missing), self-reported diabetes (yes, no), and energy-adjusted saturated fat (continuous). k Most parsimonious model adjusted for smoking (never, quit z10 y, quit 5 to 9 y ago; quit 1 to 4 y ago, quit <1 y ago or current and smoked V20 or >20 cigarettes/day; and missing), and energy-adjusted saturated fat (continuous). { Sex combined models additionally adjusted for sex. P value for interaction by sex: grilled or barbecued = 0.009, pan-fried = 0.94, oven-broiled = 0.17, sautéed, baked, or microwaved = 0.66, rare/medium = 0.11, and well/very well-done = 0.46. **Meat doneness level. Table 3 . HRs and 95% CI for meat-cooking methods and doneness levels (n = 459 cases; 291 male and 168 female cases) (Cont'd)
Variable
Tertile of daily meat intake (g/1,000 kcal) Table 4 . HRs and 95% CI for meat mutagens and mutagenic activity index intake (n = 459 cases; 291 male and 168 female cases) reported earlier (22, 45) , support the notion that meatrelated mutagens are consumed in small quantities, and associations with cancer are observed only at high intake. The strong, 2-fold, positive association we observed with overall meat-derived mutagenic activity suggests that the integration of all classes of meat-related mutagens is a more comprehensive exposure measurement of meat-derived mutagens compared with individual HCA and B(a)P and/or that mutagens not yet identified beyond the HCAs and B(a)P may contribute to pancreatic carcinogenesis. Among men, the positive associations that we observe for grilled/barbecued and broiled meat are consistent with the weaker but significant associations observed for DiMeiQx and PhIP. In our population, the top meat sources for DiMeIQx are well/very well-done barbecued hamburgers and chicken and, for PhIP, are medium-cooked barbecued steaks, well and very-well-done barbecued red meat, and welldone barbecued and broiled chicken. Our findings are further supported by rodent studies that have shown DiMeIQx (48) and PhIP (49-51) to enhance pancreatic carcinogenesis. PhIP DNA adducts are formed at high levels in the pancreas of animals (52, 53) and have been detected with higher intensity in pancreatic tissue of cancer patients compared with noncancer controls (54, 55) . Polymorphisms in genes that are involved in HCA metabolism have also been associated with pancreatic cancer (56, 57) .
We did not observe a positive association between processed meat and pancreatic cancer, which is consistent with the null results from most cohort studies (25, 27, 30, 31) and inverse association for sausage intake in a cohort of Swedish twins (28); however, it contrasts with the positive association for processed meat in the Multiethnic Cohort (26) . NOCs found in processed meat are carcinogens in animals and have been suggested to be carcinogenic in humans (58) . To address this concern, the U.S. Department of Agriculture does not permit meats to contain detectable amounts of NOCs and regulates the amount of nitrite added to meat (58) . Since the 1970s, the amount of nitrite found in meat has been reduced by more than 80% (58) . In addition, ascorbate or erythorbate is required as an additive to bacon to inhibit NOC formation (58) . Other antioxidants such as BHT (butylated hydroxytoluene) and BHA (butylated hydroxyanisole) are often added to sausages and dried meats to prevent rancidity (58) . The later compounds seem to be anticarcinogenic in animal models for pancreatic cancer (59) . These preventive measures may have contributed to the lack of a positive association between processed meat and pancreatic cancer. Five of nine case-control studies (3, 4, 7-10, 13, 15, 18) , however, some conducted before the impact of NOC meat regulations, showed significant positive associations for processed or smoked meats and pancreatic cancer (3, 4, 7, 9, 10) . Meats preserved at home by individuals could contain high NOC levels and possibly contribute to excess pancreatic cancer risk in some populations. In addition, the cooking methods for the processed meats were not evaluated in some studies that observe positive associations (4, 7, 10, 26) , and mutagens other than NOC could explain the positive associations.
We are uncertain why many of our results seem different in men compared with women. Given that a smaller number of women developed pancreatic cancer in our cohort (n = 281 from baseline and n = 168 with meat-cooking module data), we may not have the power to observe significant associations. In addition, compared with men, women in our cohort report less absolute meat intake, particularly red meat, and report more white meat and sautéed, baked, or microwaved prepared meat intake. Meats that are sautéed, baked, or microwaved do not contain HCAs or PAHs (33) . Hence, relative to men, most women in our cohort are consuming less meat and Cohort that completed the meat-cooking module: n = 459 cases, n = 317,371 cohort subjects; 291 male cases, 183,650 male cohort subjects; 168 female cases; 133,721 female cohort subjects. *P trend calculated using median values for each quantile. cCox proportional hazard models used to calculate hazard ratios. All models should be considered adjusted for age because age is the time metric. All nutrients are adjusted for energy by the density method with energy additionally in the model. bModels additionally adjusted for smoking (never, quit z10 y, quit 5 to 9 y ago; quit 1 to 4 y ago, quit <1 y ago or current and smoked V20 or >20 cigarettes/day; and missing), BMI (kg/m 2 , <18.5, z18.5 and <25, z25 and <30, z30 and <35, z35, and missing), education (V11 y, 12 y, or completed high school, post-high school or some college, college or postgraduate, and missing), race (Caucasian; Black; Hispanic; Asian, Pacific Islander, or American Indian/Alaskan Native; and missing), self-reported diabetes (yes, no), and energy-adjusted saturated fat (continuous). x Most parsimonious model adjusted for smoking (never, quit z10 y, quit 5 to 9 y ago; quit 1 to 4 y ago, quit <1 y ago or current and smoked V20 or >20 cigarettes/day; and missing), and energy-adjusted saturated fat (continuous). k Sex combined models additionally adjusted for sex. P value for interaction by sex: mutagenic activity = 0.11, DiMeIQx = 0.60, MeIQx = 0.34, PhIP = 0.19, and B(a)P = 0.58. meat-related mutagens at levels below which associations may be evident. This could account for the observed sex differences in pancreatic cancer risk. Another speculative, biologically plausible explanation for our observed sex differences is heme iron, the type of iron abundant in red meat, that could enhance the growth of pancreatic cancer tumors. Heme iron is well absorbed and is less affected by factors that inhibit non -theme iron absorption. Due to normal iron loss during menstruation, women do not accrue as high iron stores during a lifetime as men. Higher free iron serum levels and percent transferrin saturation were significantly associated with pancreatic cancer in one prospective study (60) . Finally, it is also plausible that susceptibility to meat mutagens may vary by gender; however, sex-related differences in pancreatic cancer incidence and risk are thought to be related to differences in exposure and diagnosis (1) . Other epidemiologic meat studies that have examined sexspecific pancreatic cancer risks have not shown clear sex differences (4, 7, 8, 15, 21, 25, 27, (29) (30) (31) .
The strength of our study is its large prospective nature with diet being assessed before cancer diagnosis, thereby reducing biases and the influence of reverse causality. However, our cohort does have a relatively short follow-up (5 years), and the pancreatic cancer risks we observe with meat intake may become stronger with extended follow-up. Our study is internally valid as the cases arose from the cohort that includes the noncases and, therefore, does not have control selection bias. It also has a larger number of cases compared with most previous studies, as well as a wide distribution of dietary intake (36), providing power to detect differences in the meat-related risk factors. The meat-cooking module used in our study was specifically developed to assess meatcooking methods and doneness levels and linked to a database of meat-cooking -related mutagens. The NIH-AARP Diet and Health Study cohort includes both sexes and never, former, and current smokers; therefore, results may be generalizable to many older adults. As with all dietary intake studies, measurement error related to both the dietary assessment techniques and the meat-mutagen database is likely present and could cause inaccurate risk estimates. In addition, few in our population, particularly female participants, have meatmutagen intake at high levels, such that associations can be observed for pancreatic cancer.
In conclusion, our findings support the hypothesis that meat intake, particularly red meat, meat that is cooked at high temperatures, and meat-associated HCAs, DiMeiQx, and PhIP, and overall mutagenic activity may play a role in exocrine pancreatic cancer development. Further research is needed to confirm our results, particularly pertaining to meat-related mutagens and pancreatic cancer risk in other populations with extended follow-up.
